Abstract Tardive dyskinesia (TD) is a serious, often disabling, movement disorder that is caused by medications that block dopamine receptors (i.e., neuroleptics, anti-emetics). There is currently no standard treatment approach for physicians confronted with such patients. This may be the result of notions that TD is disappearing because of the switch to secondgeneration antipsychotic agents and that it is largely reversible.
Introduction
Tardive dyskinesia (TD) is a serious, often disabling, movement disorder caused by all medications that block dopamine receptors, including clozapine [1] [2] [3] [4] . TD not only occurs in the psychiatrically ill, but also in nonpsychiatric patients exposed to antipsychotics or other dopamine receptor blocking agents such as metoclopramide. As a result, it has been the subject of intense medico-legal scrutiny [5] . While there have been numerous attempts to review varied agents in the treatment of TD [1, 6] , until very recently there were no evidencebased guidelines for physicians confronted with this disorder. In 2013, the American Academy of Neurology published the first evidence-based guideline on the treatment of tardive syndromes, a much-needed addition to the literature on this subject [7] .
The term "tardive" dyskinesia was coined in 1964 by Faurbye et al. [8] based upon the observation that some patients develop dyskinetic movements as a late complication of neuroleptic exposure. Diagnostic and Statistical Manual of Mental Disorders V criteria suggest 3 months of exposure is needed except in the elderly, where 1 month suffices. However, it is well known that this disorder may appear relatively early in the course of treatment, even after just a few doses [9] . Classical TD involves oral-buccal-lingual masticatory movements [10] characterized by repetitive jaw, face and lingual movements (commonly protrusion), and may involve puffing of the cheeks, lip-smacking, puckering, and pursing [10] . Severe cases can be associated with difficulty speaking, chewing and swallowing, and tongue mutilation. TD movements can also result in limb chorea, trunk movements as rhythmic rocking or thrusting motions (referred to as pelvic dyskinesia when pelvic muscles are involved), and respiratory dyskinesia with altered rhythmical patterns leading to hyper-and hypoventilation that can be life threatening [11] . Other subtypes, occurring alone or combined, include tardive dystonia, akathisia, tics, tremor, and myoclonus [6, 12] . The pathophysiology of TD remains elusive, though multiple hypotheses have been proposed (summarized in Table 1 ). Other than neuroleptic exposure, risk factors for developing TD include older age [13, 14] , African-American ethnicity [15, 16] , the presence of diabetes mellitus [17, 18] , and the occurrence of acute dystonic reactions or drug-indiced parkinsonism [19, 20] . Female sex, prior brain damage, cocaine abuse, alcohol consumption, and a diagnosis of bipolar disorder are less consistently correlated with TD [2] . Treatment-related risk factors include longer exposure and high doses of the offending agents [19, 21] .
Initially, physicians were reluctant to accept TD as a drugrelated disorder based on the fact that movements similar to TD occur in untreated psychotic patients and elderly individuals and the odd clinical course of worsening with drug withdrawal [2, 22, 23] . It took nearly 2 decades before TD was universally accepted as an iatrogenic disorder and before the first therapeutic trials were reported [24, 25] . We believe that the development of meaningful therapies has been further delayed by the notions that second-generation agents have a lower propensity to induce TD potentially leading to a decrease in its perceived importance and a belief that it is on the verge of disappearing; that TD is generally reversible in a majority of patients; and the idea that use of neuroleptics is an appropriate treatment strategy for TD, even in nonpsychiatric patients. In this article we will address each of these flawed views to demonstrate that TD is actually a growing problem and follow up with a discussion on potentially effective therapeutic options.
Is TD Disappearing?
It has been generally believed that the frequency of TD is decreasing based on the pharmacology of the secondgeneration (atypical) antipsychotics (SGA). Certainly, an examination of the number of publications on the subject (which are shrinking) would support this perception [26] . Available incidence studies relate primarily to psychiatric agents and psychotic populations, while the incidence and prevalence of TD in nonpsychiatric patients is unknown, even for drugs used as commonly as the gastrointestinal medication metoclopramide, where the estimates for frequency range from <1 % to nearly 30 % [10] . The figures for such cases are generally not included in frequency estimates, but they are important considering more than 7 million prescriptions are written for this drug annually [27] .
In a review of 56 studies conducted between 1959 and 1979, Kane et al. [28] reported an average point prevalence for TD development in neuroleptic exposed patients of 20 % (range 0.5-65.0 %). Subtracting the estimated frequency of spontaneous dyskinesia (5 %) they concluded that the true prevalence was probably around 15 % [28] . Another review of 76 studies conducted through 1989 indicated that the overall Table 1 Proposed pathophysiological mechanisms of tardive dyskinesia [7, 116, 117] Proposed mechanism Support D2 receptor up-regulation with subsequent hypersensitivity Rodent models demonstrate universal, reversible D2 receptor up-regulation after exposure to dopamine receptor blockers (DRBs); findings not supported by human studies using imaging and immunohistochemistry GABA insufficiency GAD and GABA levels are diminished in the substantia nigra and external pallidum in animal models and in the spinal fluid of humans with TD; levels correlate with vacuous chewing movements (VCMs); findings not consistently replicated; human studies using GABA agonists have been disappointing Increased opioids (encephalin and dynorphin)
Increased mRNA levels reported following exposure to DRBs; administration of opioid receptor antagonists into basal ganglia of rodents attenuates VCMs Glutamate and excitotoxicity Spinal fluid of humans with TD shows higher levels of N-acetylaspartate, N-acetylaspartylglutamate, and aspartate than controls; levels correlate with TD severity Oxidative stress and cell injury Neuroleptics (FGA>SGA) may have a direct toxic effect by inhibiting complex I of the electron transport chain; increased reactive oxygen species seen in rats exposed to haloperidol; reduced erythrocyte copper, zinc-superoxide dismutase activity in humans with TD
Genetic susceptibility Family studies demonstrate concordance for TD among first-degree relatives; multiple associations of candidate gene polymorphisms have been identified
GABA=gamma aminobutyric acid; GAD=glutamic acid decarboxylase; TD=tardive dyskinesia; mRNA=messenger RNA; FGA=first-generation antipsychotics; SGA=second-generation (atypical) antipsychotics.
TD prevalence was closer to 24 % (range 3.3-62.0 %) [29] . A prospective examination in 908 psychiatric patients with a median 7-month exposure to neuroleptics showed an annual incidence estimate for TD of 5 % [30] , and the impression that, at least for the first 4-5 years of exposure, the cumulative incidence of TD increases linearly with duration of exposure. In 1993, Glazer et al. [31] presented long-term risk estimates for TD in a prospective cohort study of 362 psychiatric outpatients who did not have TD at baseline and were maintained on neuroleptics. They also estimated the risk of TD to be 5 % per year and long-term risks of 25 % after 5 years, 49 % after 10 years, and 68 % after 25 years. These figures have been confirmed by others [19, 32] . In the elderly, the incidence rates are substantially higher: more than 25 % per year in 1 study [19] and 12 % in a prospective study of 266 outpatients over the age of 45 years [14] . Clozapine, the first SGA, became available in the USA in 1989 after the Food and Drug Administration approved its use for treatment-resistant schizophrenia [33] . Throughout the 1990s and early 2000s, 10 additional SGAs became available and largely replaced the first-generation agents for the treatment of psychosis. The SGAs have also been used extensively (through off-label prescribing) as mood stabilizers, adjunctive agents in the treatment of refractory depression, anti-anxiety agents, treatment for agitation in dementia and disruptive behavior in young patients, and in other conditions [34, 35] . Based upon preclinical data, the SGAs were expected to carry a much smaller risk of extrapyramidal side effects (including TD) than the first-generation agents, thereby giving rise to the hope that TD would, ultimately, disappear.
However, prevalence rates in studies utilizing SGAs were, in fact, similar to those seen with older agents [2] . A recent comparative study provided prevalence rates of 13 % among patients on SGAs and 32 % among patients on first-generation agents (p =0.0001), indicating that TD is less common but continues to be a problem [36] . However, in another study of a long-term stay hospital where patients were assessed from 2003 to 2007 the frequency of TD was 28 % [37] . Incidence rates have been similar with first-and second-generation agents. In a recent review of 12 trials published between 2004 and 2008, the annual incidence of TD was found to be 3.9 % for SGAs and 5.5 % for first-generation drugs [36] . Several other studies have found no change in the incidence at all [38] [39] [40] .
Some of the apparent inconsistencies between studies may result from the use of different drugs and doses. Clozapine is the prototypical atypical agent with a lower frequency of acute drug-induced movement disorders [2] . It is clear that clozapine can cause TD [3, 4] , but while it is suspected that the frequency is the lowest among all SGAs [41] , the actual incidence remains unknown as this drug is not approved as first-line treatment, which means all patients exposed to clozapine have already been exposed to other neuroleptic agents. This is not the case for other SGAs that clearly have a higher predilection for all drug-induced movement disorders than clozapine. There are several problems, with many of the incidence studies involving SGAs showing dramatic decreases and others showing similar rates including the use of relatively short-term study durations and hence drug exposures, comparisons with high-dose haloperidol treatment as the "gold standard", and the fact that most patients were previously exposed to, or continue to be treated with, firstgeneration agents [2, 42] .
While the use of SGAs may be associated with slightly lower incidence and prevalence rates, TD as an entity is clearly not disappearing. In fact, given the increasing offlabel use of many of the offending agents because of perceived safety, resulting in more than 54 million antipsychotic prescriptions written in 2011, and >3-fold increase over 10 years [34] (see also the Agency of Healthcare Research and Quality; Statistical Brief 275), the overall number of patients affected with TD is on the rise. Such figures suggest, conservatively, nearly 5 million people exposed and 700,000 developing TD (not including those exposed to anti-emetics).
Is TD Reversible?
Studies of the natural history of TD have reported widely variable remission rates (1-62 % [43-46]) ( Table 2) depending on patient age, psychiatric diagnosis, course of the psychiatric disorder, and duration of therapy [21, 46] . The studies examining reversibility have been conducted mostly in schizophrenic patients who continued to receive neuroleptics, while few studies have examined remission of TD after complete discontinuation of the offending agents [46, 47] . For instance, in the study reporting 62 % resolution [45] , and in other studies [48] , patients were still treated with neuroleptic agents, and TD remission was associated with worsening parkinsonism. It is possible that the neuroleptic treatment partially masked ongoing TD [1] . The most notable attempt to examine the course of TD in cases where neuroleptics were removed [46] was a prospective study of 49 psychiatric patients in whom 36 could actually stop the drugs. In this study only 2 % had complete resolution and 20 % showed improvement. In our retrospective cohort study of 108 TD patients in whom the inciting medications were completely withdrawn [49] (mean age 59 years, 69 % women, 94 % nonschizophrenic diagnosis), the mean duration of antipsychotic exposure was 4.8 years. Of these patients, 42 % were exposed to anti-emetic drugs (87 % metoclopramide), 36 % SGAs, and 7 % first-generation neuroleptics. TD completely resolved in only 13 % of these patients 3 years after discontinuing the inciting drug, with only 2 % of the total cohort resolving without the addition of therapeutic agents. The rest were treated with variable agents.
Should Neuroleptics be Used as a Therapeutic Agent for TD?
Increased age and duration of exposure of neuroleptics are associated with irreversibility of TD [50] [51] [52] [53] . It would then be prudent, especially in the elderly, to limit exposure to these drugs. Intuitively, the best first step in treating TD, once it has occurred, is to remove the dopamine-blocking agents (if this is possible) [54] . However, there is insufficient evidence that this leads to improvement [7] . In addition, such withdrawal of neuroleptics may worsen TD, at least initially [55] [56] [57] [58] contributing to the belief (and, in turn, the practice) that neuroleptics can be used as symptomatic treatment for TD. The suppressive effects of first-generation neuroleptics on TD can be substantial (>60 % improvement), but several studies have suggested that this is only a temporary effect [25, 59] , triggering a spiraling of the dose upwards over time. The SGAs quetiapine, clozapine, risperidone, and olanzapine [60] [61] [62] [63] [64] have also been used to treat TD with similarly unknown efficacy and safety in the long term [21] . Other long-term studies do not support the ability of SGAs to suppress TD [46] . From these data, it can be concluded that neuroleptics should not be used as therapeutic agents to treat TD. In psychiatric patients in whom neuroleptics cannot be withdrawn, switching from first-generation antipsychotics to SGAs or to lower-potency drugs may be helpful, though there is insufficient evidence to support the use of one SGA over the others [7] . Intuitively, however, the SGAs quetiapine and clozapine, which have low occupancy and fast dissociation from dopamine D2 receptors, would appear to be the best candidates.
Potential Directions in Therapy
Several articles have attempted to review all agents examined for the treatment of TD [1, 21, 65] . Some of these drugs demonstrated efficacy (for classical TD) in small, blinded, randomized trials, and these agents represent reasonable initial treatment targets not only for patients currently, but for the development of larger controlled trials that are needed to better define treatment approaches. They include tetrabenazine, amantadine, levetiracetam, piracetam, clonazepam, propranolol, vitamin B6, and Ginkgo biloba (Table 3) . They are the primary subject of this section. A suggested treatment algorithm is featured in Fig. 1 . Other tardive syndromes (aside from classical TD) may require different treatment approaches, though this requires further research.
For many movement disorder specialists, the dopaminedepleting agent vesicular monoamine transporter 2 inhibitor (VMAT2 inhibitor) tetrabenazine is the current treatment of choice for moderate-to-severe forms of TD [6] , especially since its 2008 Food and Drug Administration approval for use in Huntington's disease [66] . However, to date, only 2 small, blinded trials in TD have been reported. One study, from [68, 69] . Usefulness of this drug is sometimes limited, however, by the potential for serious adverse effects, most prominently drowsiness, parkinsonism, akathisia, and depression with suicidal ideation, particularly in the elderly [68] , and further work is needed before it can be recommended for routine use in TD [70] . This is level C evidence [7] . Similar results have been reported in small, blinded trials with reserpine-another dopamine-depleting agent-in the early 1980s [71, 72] . However, this drug is rarely utilized because it causes both peripheral and central adverse effects, and the depression can be protracted [73] . It is suggested that the evidence is insufficient [7] . Amantadine as a treatment for TD came about because of early open-label reports of effectiveness in TD [74] [75] [76] and levodopa-induced dyskinesia [77] [78] [79] . The mechanism of action is unclear, but has been postulated to relate to N-methyl-D-aspartate receptor-blocking properties of this drug [80] . Two small, blinded trials have been reported. One, from 1997, demonstrated improvement in 16 chronically ill psychiatric patients who were hospitalized long term [81] . After a 2-week baseline period, a 7-week placebo-controlled, randomized period was started followed by a 1-week washout and a 7-week crossover period. The primary outcome variable was the median AIMS score during the 3 weeks when they received 300 mg/day (vs placebo). The study demonstrated a 15 % reduction in the overall AIMS score (p =0.05) and 10 of the 16 patients improved by ≥20%. A second trial, reported in 2010 [82] , involved 22 outpatients with schizophrenia and TD who received amantadine (400 mg/day) or matching placebo in a double-blind, randomized trial for 2 weeks followed by a 4-day washout and a 2-week crossover phase. The primary outcome was the change in AIMS score at the end of each treatment phase. Results demonstrated a statistically significantly reduced average total AIMS score (from 13.5 before treatment to 10.5 after treatment) and reduced severity AIMS (from 2.04 before treatment to 1.54 after treatment). The overall change was 22 %, with 10 patients improving by >20 %. Little or no placebo effect was seen in these 2 trials. There was no worsening of psychotic symptoms. This is also level B evidence [7] .
Levetiracetam is an anti-epileptic that has also been shown to improve TD [83] . The mechanism of action is unclear, but may relate to N-type calcium channel blockade [84] or to its binding to synaptic vesicle protein 2A, which may play a role in stability of synaptic vesicles containing neurotransmitters such as dopamine. The drug has been shown to improve TD in open studies [85] [86] [87] Parkinson's disease [88] . This study was a double-blind, placebo-controlled, randomized, 12-week, parallel group study. Severity of TD was measured with AIMS. Fifty patients were enrolled-25 randomized to each group. At 12 weeks the active group (mean dose 1900 mg/day) improved 44 % in the AIMS score, while the placebo group improved 19 % (p = 0.02). Three adverse effects occurred in the active group and were seen in 2 patients each, including ataxia, irritability, and decreased appetite [83] . Piracetam, a chemically similar drug to levetiracetam used predominantly for myoclonus in Europe and Asia, was initially shown to improve TD symptoms more than 30 years ago [89] . More recently, it has been shown to be effective in a randomized, double-blind, placebo-controlled crossover study [90] . In this study, 40 patients with schizophrenia or schizoaffective disorder and TD were given an oral formulation while being maintained on their usual antipsychotic regimen. After being randomized to 4 weeks of placebo or piracetam (4800 mg/day), a 1-week washout occurred prior to entering the 4-week crossover phase. The primary outcome measure was change in score on the Extrapyramidal Symptom Rating Scale (ESRS). The mean decrease in the TD subscale was 3 points in the piracetam group in contrast to deterioration of condition in the placebo group by −0.2 points (p =0.003).
The use of clonazepam as a treatment for TD was explored in the 1970s and 1980s with a blinded trial ultimately published in 1990 [91] . Interest was based on its indirect gamma aminobutyric acid A agonist effect [91] . This controlled trial was a randomized, double-blind, placebo-controlled crossover study that included 19 psychiatric outpatients. Patients went through a 1-week placebo run-in, followed by 4 weeks of randomized therapy, a 2-week washout, a 4-week crossover therapy phase followed by a 1-week placebo washout. Results demonstrated a 37 % reduction in Maryland Psychiatric Research Center Movement Disorder Scale dyskinesia score with reversal on placebo. Mildto-moderate sedation was reported in 6 patients and ataxia in 3. The antidyskinetic effect was seen at 2-3.5 mg per day. In 5 patients followed long term, the effectiveness waned after 5-8 months. This is level B evidence [7] .
Propranolol was examined as a treatment of TD many years ago, but its use was recently revisited [92] . The reports, involving 31 patients, have been mostly open-label single cases or case series with a single double-blind, crossover study design [93] [94] [95] . Many of the open-label experiences reported rapid often dramatic response (including complete reversal) to low doses of the drug. The 1 controlled study was a doubleblind, intensive case design and utilized 10 times the dose of the open trials (up to 800 mg/day) for unclear reasons. The patients were examined weekly up to 20 weeks with the AIMS scale and videotaped. Patients were treated with alternating periods of active drug or placebo. The study showed variable response in the blinded portion of the study, but significant long-term improvement in an open-label follow up [95] . Interest in propranolol waned when it was found that it increased neuroleptic plasma levels, possibly leading to suppression of symptoms [96, 97] . However, it is noteworthy that many of the responsive patients were, in fact, not treated with neuroleptics at the time [92] .
Vitamin B6 is an antioxidant that showed promise for treating TD in early case series and a small, blinded trial [98] . A more recent, larger, randomized, double-blind, placebocontrolled trial also supports its efficacy [99] . In this 26-week study, 50 inpatients with schizophrenia or schizoaffective disorder and TD were randomly assigned to 1200 mg of vitamin B6 or placebo. After 12 weeks of treatment and a 2-week washout, they entered the 12-week crossover phase. The primary outcome was change in ESRS. The mean decrease in ESRS clinical global impression scores from baseline to endpoint was 2.4 points in patients treated with vitamin B6 and 0.2 points in patients treated with placebo (p <0.0001). The mean decrease in the parkinsonism subscale score was 18.5 points and 1.4 points, respectively (p <0.00001), and the mean decrease in the dyskinesia subscale score was 5.2 points and −0.8 points, respectively (p <0.0001). Evidence for this treatment is considered insufficient (level U) [7] .
Finally, extract of Ginkgo biloba (EGb-761), a potent antioxidant, was recently examined as a treatment of TD in 157 Chinese inpatients with schizophrenia [100] . This was a single site (Veterans Affairs Hospital), double-blind, placebocontrolled, parallel group trial of 240 mg/day of EGb-761. All patients were male and under age 60 years with TD present for at least 1 year. Patients went through a 1-week single-blind placebo run-in where any patients with a 25 % placebo effect were removed from randomization. The rest were treated for 12 weeks with placebo or EGb at a 1:1 ratio. The primary outcome measures were AIMS total score and the proportion of patients with >30 % improvement (responders). One [7] . Many other medications have been examined in open trials. For these, the data are inadequate, inconclusive, and/ or negative and not worthy of further investigation. These agents are listed in Table 4 . For completeness, it is worth mentioning that a few small, open-label trials support the use of branched-chain amino acids (valine, isoleucine, and leucine) in treating TD [101] [102] [103] ; however, these positive results should be interpreted with caution given the lack of blinded studies. Query of clinicaltrials.gov revealed only 3 additional TD treatments currently under investigation. They are pyridoxal 5'-phosphate, D-serine, and NBI-98854 (a novel VMAT2 inhibitor).
Alternatives to medical therapy for TD include botulinum toxin injections and deep brain stimulation (DBS). There are multiple reports of improvement after botulinum toxin injections, particularly in cases where severe lingual movements were targeted with genioglossus injections [104] [105] [106] . One small, single-blind study showed a significant benefit in patients who remained on stable doses of neuroleptics [107] . Multiple case reports and series have shown improvement in TD, and, in particular, tardive dystonia, after DBS of the globus pallidus interna [108] [109] [110] . Rare case reports of successful thalamic and subthalamic DBS also exist [111] . The reported benefits after DBS vary widely, but most cases have experienced an improvement of at least 50 % in TD symptoms. Onset of benefit can be immediate or delayed by up to 6 months, and some published cases suggest that the benefit can be sustained for many months or years. A wide range of DBS parameters have been utilized, and no consensus recommendations exist. These overall positive results with botulinum toxin and DBS should be interpreted with caution given the lack of large studies utilizing double blinding, control groups, or standardized therapy parameters. The level of evidence is considered insufficient (level U).
Conclusion
TD, initially described nearly 60 years ago, is a serious complication of dopamine receptor-blocking drug therapy in both psychiatric and nonpsychiatric patients. It appears to be irreversible in most patients and increasing exposure is likely leading to increasing prevalence beyond the definition of rare disease. While discontinuation of the offending agents is an important part of the approach to treating TD, this is often not possible in disease states such as schizophrenia and gastroparesis. There are no approved medical therapeutic options for existing TD and limited guidelines. There is clearly a great need for the development of effective therapies. Several potential non-neuroleptic candidates for therapy have been tested in small, blinded trials and demonstrated some level of efficacy, as described above. Certainly, these represent reasonable therapeutic options today and we recently suggested an algorithm utilizing these drugs (Fig. 1) [10] .
However, significant progress is lacking and needs to be made. The first step would be the confirmation of these smaller studies with large, multicenter, controlled trials. In doing so, many questions need to be addressed some of which include the following: What is the appropriate duration of the trial? What is the natural course of TD? What are the most appropriate measures of TD for trials? The AIMS and St Hans Rating scale have been validated [112, 113] , but others have also been utilized [91] . Will patients remaining on neuroleptics respond differently to those who can come off them? Do patients with psychiatric diseases respond differently to medical interventions than nonpsychiatric patients? Should these trials involve multiple agents for comparative purposes? What is role of the type of TD (e.g., classical vs dystonia) on response? There is some suggestion that different types of TD will respond differently to agents, for example anticholinergics are helpful in dystonia [114] , but can worsen classical oral-buccal-lingual dyskinesia [55] . Can the responsiveness to medications in TD be predicted by studies of genetic polymorphisms known to influence the risk and severity of TD [10] ? For instance, in the EGb-761 trial there was greater improvement in the AIMS score in those with the valine/ valine allele of the brain-derived neurotrophic factor gene and less improvement with the methionine/methionine allele [115] . This significant effort requires collaboration between basic, translational, and clinical scientists across the disciplines of psychiatry and neurology. While the agents discussed here represent a good first step, a multifaceted approach to drug discovery going beyond these agents will be necessary. This will require more detailed examination of the pathogenesis so that rational drug development becomes possible, as well as the use of well-designed clinical trials if we wish to significantly alter the trajectory of TD.
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